The haplotypes of a beneficial allele carry information about its history that can shed light on its age and 11 putative cause for its increase in frequency. Specifically, the signature of an allele's age is contained in 12 the pattern of local ancestry that mutation and recombination impose on its haplotypic background. We 13 provide a method to exploit this pattern and infer the time to the common ancestor of a positively selected 14 allele following a rapid increase in frequency. We do so using a hidden Markov model which leverages 15 the length distribution of the shared ancestral haplotype, the accumulation of derived mutations on 16 the ancestral background, and the surrounding background haplotype diversity. Using simulations, we 17 demonstrate how the inclusion of information from both mutation and recombination events increases 18 accuracy relative to approaches that only consider a single type of event. We also show the behavior of 19 the estimator in cases where data do not conform to model assumptions, and provide some diagnostics 20 for assessing and improving inference. Using the method, we analyze population-specific patterns in 21 the 1000 Genomes Project data to provide a global perspective on the timing of adaptation for several 22 variants which show evidence of recent selection and functional relevance to diet, skin pigmentation, and 23 morphology in humans. 24 Introduction 25 A complete understanding adaptation depends on a description of the genetic mechanisms and selective 26 history that underlies adaptive genetic variation [Radwan and Babik, 2012]. Once a genetic variant 27 underlying a putatively adaptive trait has been identified, several questions remain: What is the molecular 28 mechanism by which the variant affects organismal traits and fitness [Dalziel et al., 2009]?; what is the 29 selective mechanism responsible for allelic differences in fitness?; Did the variant arise by mutation more 30 than once [Elmer and Meyer, 2011]?; when did each unique instance of the variant arise and spread [Slatkin 31 and Rannala, 2000]? Addressing these questions for numerous case studies of beneficial variants across 32 multiple species will be necessary to gain full insight into general properties of adaptation. [Stinchcombe 33 and Hoekstra, 2008] 34
time intervals defined by the human dispersal out-of-Africa and the spread of agriculture to show the 43 relative concordance among allele ages for several loci associated with autoimmune protection and risk, 44 skin pigmentation, hair and eye color, and lactase persistence. 45 When a putative variant is identified as the selected site, the non-random association of surrounding 46 variants on a chromosome can be used to understand its history. This combination of surrounding variants 47 1a). Viewed backwards in time, the selected variant decreases in frequency at a rate proportional to the 138 selection strength. For a rapid drop in allele frequency, the coalescent rate among haplotypes carrying 139 the selected variant is amplified. The same effect would be observed for population growth from a small 140 initial size forward in time [Hudson et al., 1990, Slatkin and Hudson, 1991] . As a result, the genealogy 141 of a sample having undergone selection and/or population growth becomes more "star-shaped" (Fig 1a) . 142 This offers some convenience, as it becomes more appropriate to invoke an assumption of independence 143 among lineages when selection is strong. Visual descriptions of the model. a) An idealized illustration of the effect of a selectively favored mutation's frequency trajectory (black line) on the shape of a genealogy at the selected locus. The orange lineages are chromosomes with the selected allele. The blue lineages indicate chromosomes that do not have the selected allele. Note the discrepancy between the time to the common ancester of chromosomes with the selected allele, t, and the time at which the mutation arose, t 1 . b) The copying model follows the ancestral haplotype (orange) moving away from the selected site until recombination events within the reference panel lead to a mosaic of non-selected haplotypes surrounding the ancestral haplotype. c) A demographic history with two choices for the reference panel: local and diverged. After the ancestral population at the top of the figure splits into two sister populations, a beneficial mutation arises and begins increasing in frequency. The orange and blue colors indicate frequency of the selected and non-selected alleles, respectively.
We assume no crossover interference between recombination events within a haplotype, and therefore 145 treat each side flanking the focal allele separately. We define one side of the selected site, within a 146 window of some predetermined length, to have L segregating sites, such that an individual's sequence 147 will be indexed from site s = {1, ..., L}, where s=1 refers to the selected site (a notation reference is 148 provided in Table 1 ). To simplify notation, this description will be written for a window on one side 149 flanking the selected site. Note that the opposing side of the selected site is modelled in an identical 150 fashion after redefining L. Number of basepairs between sites j and j + 1 α iw Likelihood of haplotype i for sites 1, ..., w β iw Likelihood of haplotype i for sites (w + 1), ..., L Let X denote an n×L data matrix for a sample of n chromosomes with the selected variant. X ij is the 152 observed allelic type in chromosome i at variant site j, and is assumed to be biallelic where X ij ∈ {1, 0}.
151

153
Let H denote an m × L matrix comprising m chromosomes that do not have the selected variant where 154 H ij ∈ {1, 0}. Let A denote the ancestral haplotype as a vector of length L where A j is the allelic type on 155 the ancestral selected haplotype at segregating site j and A j ∈ {1, 0}. We assume independence among 156 lineages leading to the most recent common ancestor of the selected haplotype. This is equivalent to 157 assuming a star-shaped genealogy which, as noted above, is a reasonable assumption for sites linked to a 158 favorable variant under strong selection. We can then write the likelihood as 159 Pr (X | t, A, H) = n i Pr (X i | t, A, H).
(1)
In each individual haplotype, X i , we assume the ancestral haplotype extends from the selected allele until 160 a recombination event switches ancestry to a different genetic background. Let W ∈ {1, ..., L} indicate 161 that location of the first recombination event occurs between sites W and W + 1 (W = L indicates no 162 recombination up to site L). We can then condition the probability of the data on the interval where the 163 first recombination event occurs and sum over all possible intervals to express the likelihood as
Assuming haplotype lengths are independent and identically distributed draws from an exponential dis-165 tribution, the transition probabilities for a recombination event off of the ancestral haplotype are 166
where d w is the distance, in base pairs, of site w from the selected site and r is the local recombination 167 rate per base pair, per generation. The data for each individual, X i , can be divided into two parts: one 168 indicating the portion of an individual's sequence residing on the ancestral haplotype (before recombining 169 between sites w and w + 1), X i(j≤w) , and that portion residing off of the ancestral haplotype after a 170 recombination event, X i(j>w) . We denote a seperate likelihood for each portion
Because the focal allele is on the selected haplotype, α 1 = 1. Conversely, we assume a recombination 172 event occurs at some point beyond locus L such that β L = 1. We model α by assuming the waiting 173 time to mutation at each site on the ancestral haplotype is exponentially distributed with no reversal 174 mutations and express the likelihood as
The term, e −tµ(dw−w) , on the right side of Eq (6) captures the lack of mutation at invariant sites between 176 each segregating site. Assuming tµ is small, Eq (6) is equivalent to assuming a Poisson number of 177 mutations (with mean tµ) occurring on the ancestral haplotype.
178
For β w , the probability of observing a particular sequence after recombining off of the ancestral 
To include mutation, the probability that the sampled haplotype matches a haplotype in the reference 187 panel is m/(m + θ), and the probability of a mismatch (or mutation event) is θ/(m + θ). Letting a refer 188 to an allele where a ∈ {1, 0}, the matching and mismatching probabilities are
Eq (5) requires a sum over the probabilities of all possible values of Z j using Eq (8) and Eq (9). This is 190 computed using the forward algorithm as described in Rabiner (1989) and Appendix A of Li and Stephens 191 (2003) [Rabiner, 1989, Li and Stephens, 2003 ].
192
The complete likelihood for our problem can then be expressed as 
This computation is on the order 2Lnm 2 , and in practice for m = 20, n = 100 and L = 4000 takes approximately 3.027 seconds to compute on an Intel® Core i7-4750HQ CPU at 2.00GHz×8 with 15.6 195 GiB RAM. on a genealogy relating n chromosomes at a particular site. We found no discernible effects on estimate 215 accuracy when specifying different values of ρ and θ (S1 Fig 3, 4) .
216
Results
217
Evaluating accuracy 218 We generated data using the software mssel (Dick Hudson, personal communication), which simulates a becomes too far diverged from the selected population, estimates become older than the true value (0.36 236 to 0.94). In these cases, the HMM is unlikely to infer a close match between background haplotypes in the sample and the reference panel, leading to many more mismatches being inferred as mutation events size on point estimates (S1 Fig 3,4 ). As noted above, higher allele frequencies and weak selection are 244 likely to induce more uncertainty due to the ancestral haplotype tracts recombining within the sample.
245
To assess the convergence properties of the MCMC, five replicate chains were run for each of 20 246 simulated data sets produced under three 2Ns values (100, 200 and 2000) for frequency trajectories 247 ending at 0.1 (Fig 3) .
248
Application 249 We applied our method to five variants previously identified as targets of recent selection in various 250 human populations. Using phased data from the 1000 Genomes Project, we focused on variants that 251 are not completely fixed in any one population so that we could use a local reference panel. The Li and
252
Stephens (2001) the full recombination map at each locus (S1 Fig 3) . We specify the switching rate among background Accuracy results from simulated data. Accuracy of TMRCA point estimates and 95% credible interval ranges from posteriors inferred from simulated data under different strengths of selection, final allele frequencies and choice of reference panel. Credible interval range sizes are in units of generations. 100 simulations were performed for each parameter combination. MCMCs were run for 10000 iterations with a burn-in excluding the first 4000 iterations. A standard deviation of 10 was used for the proposal distribution of t. The red boxplots indicate local reference panels. The blue and green boxplots indicate reference panels diverged by .5Ne generations and 1Ne generations, respectively. Each data set was simulated for a 1 Mbp locus with a mutation rate of 1.6 × 10 −8 , recombination rate of 1.1 × 10 −8 and population size of 10000. Sample sizes for the selected and reference panels were 100 and 20, respectively. haplotypes after recombining off of the ancestral haplotype to be 4N r, where N = 10, 000 and r is the 285 mean recombination rate for the 1Mb locus.
286
For modeling mutation, a challenge is that previous mutation rate estimates vary depending on the 287 approach used [Scally and Durbin, 2012,Ségurel et al., 2014] . Estimates using the neutral substitution rate 288 between humans and chimps are more than 2 × 10 − 8 per bp per generation, while estimates using whole 289 genome sequencing are closer to 1 × 10 − 8. As a compromise, we specify a mutation rate of 1.6 × 10 −8 .
290
The population sample abbreviations referred to in all of the figures correspond to the following: TMRCAs are found in these two low frequency populations where the estimate in FIN is 17,386 (13,887 -323 20,794) and the estimate in BEB is 18,370 (14,325 -22,872) . Among East Asian populations, the oldest 324 and youngest TMRCA estimates are found in the KHV sample (25,683; 23,169 -28,380) and CHB sample 325 (22,192; 19,683 -25,736) . to those loci or certain geographic regions. 406 We also compared our estimates to a compilation of previous age estimates based on the time of mu-407 tation, time since fixation, or TMRCA of variants associated with the genes studied here. The range of 408 confidence interval sizes for these studies is largely a reflection of the assumptions invoked or relaxed for 409 any one method, as well as the sample size and quality of the data used. Relative to the ABC approaches 410 which are most commonly used today, our method provides a gain in accuracy while accounting for uncer-411 tainty in both the ancestral haplotype and its length on each chromosome. Notably, our method provides 412 narrower credible intervals by incorporating the full information from ancestral haplotype lengths, derived 413 mutations, and a reference panel of non-carrier haplotypes.
414
One caveat of our method is its dependence on the reference panel, which is intended to serve as a in European populations which they suggest is linked to a beneficial allele under recent selection. Similar 489 to an admixture mapping approach, our method could be used to identify risk loci by testing for an 490 association between the ancestral haplotype and disease status. As another application, identifying the 491 ancestral haplotype may be useful in the context of identifying a source population (or species) for a 492 beneficial allele prior to its introduction and subsequent increase in frequency in the recipient population.
493
In many cases, the specific site under selection may be unknown or restricted to some set of putative 494 sites. While our method requires the position of the selected site be specified, future extensions could 495 treat the selected site as a random variable to be estimated under the same MCMC framework. This 496 framework would also be amenable to marginalizing over uncertainty on the selected site.
497
While we focus here on inference from modern DNA data, the increased accessibility of ancient 498 DNA has added a new dimension to population genetic datasets [Lazaridis et al., 2014 , Skoglund et al., 499 2014 , Allentoft et al., 2015 , Haak et al., 2015 , Mathieson et al., 2015a , Mathieson et al., 2015b . Because 500 it will remain difficult to use ancient DNA approaches in many species with poor archaeological records, 501 we believe methods based on modern DNA will continue to be useful going forward. That said, ancient 502 DNA are providing an interesting avenue for comparative work between inference from modern and Despite these challenges, it is clear that our understanding of adaptive history will continue to benefit 509 from new computational tools which extract insightful information from a diverse set of data sources. was run for 5000 iterations with a standard deviation of 20 for the t proposal distribution. Replicate
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MCMCs are plotted with transparency. 559 S1 Appendix. Initializing the ancestral haplotype for the MCMC.
560
To decrease run times for the MCMC, we initialize the starting sequence for the ancestral haplotype 561 using a heuristic algorithm which exploits the decrease in polymorphism near the selected site. Let A 0 562 denote the initial ancestral haplotype to be estimated, and let the indicator variable I ij denote whether 563 chromosome i is part of the ancestral haplotype at site j:
The algorithm proceeds as follows: 565 1. At j = 1 all chromosomes with the beneficial allele are specified to be on the ancestral haplotype 566 at the selected site, i.e. n i=1 I i1 = n and A 0 j = 1. 567 2. Moving to the next adjacent SNP, we calculate the allele frequency, F j , among chromosomes on the 568 ancestral haplotype at the previous site:
3. The major allele among advantageous allele carriers is assumed to be the putative ancestral allele 570 and minor alleles are assumed to be the result of a putative recombination event off of the ancestral 571 haplotype in the previous SNP interval. For j > 0,
Because we expect there to be some rare or singleton variants on the ancestral haplotype, singletons are 573 removed before step 1 in an effort to improve estimates of the ancestral haplotype at more distant sites.
574
In addition, major and minor alleles can't be identified at sites with alleles at 0.5 frequency and are also 575 removed initially. Steps 2 and 3 are computed iteratively until reaching the end of the locus (j = L) on 576 both sides flanking the selected site. The sites that were removed (F j = 0.5 and singletons) are then 577 added back in and take values of I ij from I ij+1 . A 0 j for the added sites are computed using equations 12 578 and 13. At sites for which n i=1 I i1 = 0, A 0 j = Binomial(1, P j ), where P j = 1 n n i=1 X ij . After getting 579 the initial estimate A 0 j , the MCMC is run and evaluated for convergence by visual inspection of trace 
